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Abstract 
Although medium and large scale solar desalination systems have been long been discussed and proposed as a 
sustainable root to offset water shortage in water-scarce areas, commercial units have not been introduced to the 
market, mainly due to inherent difficulties of part load operation under transient conditions and high costs of solar 
systems compared to conventional fossil-fired desalination.  This study presents transient numerical analysis and 
techno economic assessment of a concentrated solar thermal (CST) system to drive a Multi-Stage Flash (MSF) 
desalination plant with 5000 m3/day capacity. The dynamic performance of the CST system over a wide range of 
operation conditions is simulated and evaluated under varying weather conditions over one year for Mersa Matruh 
city on the Mediterranean coast of Egypt, as a case study for the MENA region. A simplified cost analysis has been 
performed to explore the potential of CST-driven MSF and additionally for Reverse Osmosis (RO) desalination 
technology driven by concentrated solar power (CSP) in comparison with fossil-fired desalination. It has been found 
that the desalinated water cost of CSP-RO is competitive with fossil-fired systems, while the associated cost of CST-
MSF is approximately 3 times more costly than both CSP-RO and fossil-fired systems, without the cost of CO2 
capturing and storage for fossil-fired systems. 
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1. Introduction 
Desalination technologies have proven to be reliable sources of fresh water supplies over the last five 
decades in different parts of the world. However, desalination technologies are energy intensive, which 
has a negative impact on the Nation’s Environment and Economy due to the reliance on fossil fuels as 
primary energy sources for desalination plants. Meeting the future demand for energy and water in a 
sustainable and environmentally friendly way is one of the biggest challenges of this century not only in 
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MENA but globally. It is strongly presumed that the economic feasibility of the desalination industry will 
depend greatly on technology development of renewable energy in the next decade. 
 
Coupling solar desalination units with thermal storage can smooth down transient fluctuations in solar 
power and stabilizes the performance of thermal desalination systems, which improves productivity and 
reduces the cost of product water. Furthermore, operation of thermal desalination units over 24-h/d by 
means of thermal storage capabilities can reduce the cost considerably due to extension of the production 
time at the same capital cost of a desalination unit.  
 
This study presents the results of numerical investigations into the transient analysis and design 
characterization of a concentrated solar thermal (CST) power supply system to drive a Multi-Stage Flash 
(MSF) desalination plant with 5000 m3/day capacity. The system comprises a parabolic trough collector 
(PTC) integrated with a latent heat thermal energy storage and a supplementary firing system utilizing 
natural gas. The thermal storage utilizes PCM with melting point close to the required inlet temperature of 
the working fluid to the desalination plant to maximize the solar fraction and guarantee continuous 
operation round the clock.  The dynamic performance of the CST system over a wide range of operation 
conditions is simulated and evaluated on a macro-scale level under varying weather conditions over one 
year for Mersa Matruh City on the northern coast of Egypt. Mersa Matruh city has been selected as a case 
study for application of the proposed system to represent average weather conditions in the MENA 
Region. 
2. Setup of CST-driven MSF System 
The system overall setup and coupling 
scheme of the solar power block at the 
interface with the MSF desalination plant are 
illustrated schematically in figure 1. The 
setup contains two main sections; the 
distillation (i.e. MSF) plant and the CST 
solar power block. The solar system consists 
of a PTC field and a thermal energy storage 
comprised by cylindrical packed beds filled 
with phase change materials encapsulated in 
spherical plastic shells, i.e. phase change 
regenerators (PCR).  Based on the solar 
fraction concept, which is defined as the 
ratio between the solar energy supply and the total energy demand for the desalination plant, and for 
securing full-load operation of the MSF all year round, an additional natural gas (NG) heater 
(supplementary firing) is required to support the solar system during low irradiance and cloudy days. The 
amount of energy delivered by this compensating heat source corresponds to the lack of solar energy and 
directly related to the solar fraction. 
2.1. Setup of CST-driven MSF System 
 For design and optimization of the CST system, it is crucial to define the design criteria and load 
characteristics first. The major aim of the desalination plant is to deliver 5000 m3 of fresh water per day. 
The water recovery factor of the plant is assumed to be 0.4, which is common for feed water quality in the 
Figure 1: Schematic layout of the CST-MSF solar 
desalination system, single tank concept and once 
through arrangement   
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Medeterranean Sea, hence the total volume flow rate of sea water that needs to be heated up by the solar 
system via the brine heater would be 5000 m3/hr. Table (1) summarizes the key pperformance data of the 
MSF plant. 
 Furthermore it is known from the performance data of the MSF desalination plant at Sidi Kerir in 
Egypt, that the required temperature jumb of the feed sea water through the brine heater is from 102 to 
112°C. The sea water inlet temperature of 102°C at the brine heater is gained by recovery of latent heat of 
condensation through the succesive MSF plant stages. To guarantee that the sea water stays in the liquid 
phase, it is kept under a pressure 0.5 bar higher than the corresponding saturation pressure at 112 °C. 
With these data the operational thermal power for the MSF plant to be supplied by the solar system can be 
simply estimated 6 MW.  The maximum inlet temperature of the thermal oil to the brine heater is 
determined by the limitation imposed by scale formation tendency in the heat exchanger, which imply 
that the TBT should not exceed 115°C. Thus the maximum inlet temperature of the oil is set to 122°C. 
According to this temperature the melting point of the PCM in the thermal storage has been selected as 
125 °C. With the targeted 6 MW thermal power, the required mass flow rate of the thermic oil can be 
estimated at 177 kg/s, which corresponds with an average volume flow rate of 0.1871 m3/s. 
Table 1: Performance data of the MSF desalination plant 
 
Parameter Value 
Feed salinity 35000 PPM 
Seawater temperature at the inlet of the brine heater 102 °C 
Seawater temperature at the outlet of the brine heater 112 °C 
Lifetime 20 years 
Operating Time 8000 h/year 
Fresh water production capacity 5000 m3/day  
Water recovery factor 0.4 
Salt water feed flow 12000 m3/day 
Specific electrical energy required for MSF 4.0 kWh/m3 
2.2. Design parameters of PTC and PCR 
        As shown in figure 1, the HTF, which is coming from the PTC, directly flows through the PCM 
storage tanks, which are connected in parallel and are all of same size. At the outlet of the storage tanks, a 
heat exchanger (brine heater) is used to transfer the heat from the HTF to salt water. The HTF is reheated 
in the PTC, and hence the cycle is repeated. At night time the operation mode remains the same, while the 
HTF is bypassed away from the PTC and directly recirculated between the heat exchanger and thermal 
storage tanks. Multiple tanks are used instead of one large tank to reduce the circulation time and to fit the 
available commercial sizes, which are restricted by limitations imposed by the production technology and 
standards of industrial storage tanks.  
 
 It is assumed that the required power for the MSF desalination plant should be constantly delivered 
during day and night with minimum fluctuations over the year, even during the winter days with 
minimum solar radiation intensity. Tables (2) and (3) list the key parameters of the PTC field and PCR 
used for the numerical analysis and simulation of the complete solar system setup.  These parameters 
were identified based on detailed parametric analysis, which will be discussed in following publications.  
Spherical PCM packing has been selected due to better effectiveness under same boundary conditions 
than other packing geometries, e.g. cubical and tubular shapes. Moreover, the simulation model used in 
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this study has been verified against experimental data obtained using spherical packing, which gives more 
confidence in the simulation results using the same packing shape. The size of the collector field is given 
in rows/loops, as only full rows can be entered into or discarded from the service. Each collector row/loop 
has 300m length with a corresponding area of 1200 m2. 
Table 2: Design characteristics and geometrical properties of the PTC field 
Parameter Value 
Absorber length per row (loop) 300 m 
Aperture diameter 4 m 
Aperture area per row (loop) 1200 m 
Number of rows (unless stated)  54 
Absorber inner radius 0.07 m 
Envelope inner radius 0.116 m 
Thickness of glass cover  0.0015m 
Absorber thickness  0.002m 
Ratio of land area to collector area 3 
Intercept factor  0.95 
Rim angle  80° 
Tracking mode (axis orientation east-west) North-South 
Transmittance of glass cover  0.915 
Solar Absorptance  0.94 
Table 3: Design characteristics of the PCR 
 
Parameter Value 
Number of parallel storage tanks  3 
Maximum storage tank diameter  30m 
Ratio of storage tank height to diameter  1.8 
Diameter of spherical capsules  100 mm 
PCM melting temperature  125 °C 
3. Plausible couplings of the solar system with MSF plant 
 The solar system components described in the preceding sections can be arranged in a number of different ways. 
In the following a few of these different configurations will be presented and discussed while for further optimization 
and characterization of the conceptual design, only one of these arrangements (the once through setup in figure 1) 
will be analyzed in depth. 
3.1. Once Through Regenerators (OT) setup 
 The arrangement and operation strategy of the OT arrangement has been discussed above as depicted in figure 1.  
Three storage tanks with equal sizes will be used for the OT arrangement. The choice to use three tanks instead of 
one was a combination of market research and simulation time optimisation. There are very few companies which 
can manufacture storage tanks of the size needed. The advantage of this setup is its simplicity and decoupling of 
storage tanks.  
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3.2. Recycled Regenerators (RR) setup 
 In this setup, the regenerator is cycled between heat storing and heat releasing modes. First, a stream containing 
charging heat is passed through the packed bed where the heat is transferred to the packing. Later a cold stream is 
passed through the hot bed in the reverse direction, thereby heating the stream in the retrieval cycle. In this ideal 
arrangement, the packing with the highest temperature in the regenerator contacts the fluid at the exit from the 
storage. Thus, temperature stratification is always desired to achieve high thermal performance of the regenerator as 
it allows the highest attainable inlet fluid temperature at the interface with the thermal load, i.e. MED plant.  Hence 
two tanks have to be used alternatingly, while one is 
charged the other one is discharged. This setup implies 
that each tank (two similar set of tanks) should have a 
minimum storage capacity for 24 hour operation. As a 
result the investment costs raise dramatically due to 
doupling of the rtequired number of storages as well as 
the inherent sphistications in the operation and control 
systems. Another disadvantage of RR is the fact that 
when one tank is fully charged and then discharged the 
temperature in the layer with the lowest temperature 
drops below the melting point quickly. When the cycle 
is reversed and cold fluid enters the tank at that layer 
with lowest temperature, the PCM may be supercooled 
and hence losses its characteristics as a latent heat 
storage. 
4. Results and discussions 
       A transient simulation of the whole solar system with periphery has been performed in order to figure out 
suitable plant configurations and operating conditions. Unless stated, the results obtained in this study follow the 
overall mass and salt balance analysis considering the plant layout and operation strategy described in figure 1, i.e. 
multiple storage tanks in a once-through arrangement. A time and space dependent model was developed to simulate 
the performance of the solar system based on the mathematical model formulated in [3 & 6]. Matlab implementation 
was used to solve for the single components as well as for the system as a whole. 
 
 The optimum mode of operation of the solar energy system and desalination plant depends on both economic and 
technical factors. A compromise between the highest possible temperatures provided for the desalination plant in 
favour of optimum mass transfer rate inside the MSF plant on one hand and to achieve acceptable collector 
efficiency, which improves at lower temperature jump across the collector due to reducing the overall thermal losses, 
on the other hand has to be found. In order to minimise the specific cost of produced fresh water, the desalination 
module should be operated at a full load, i.e. inlet temperature and volumetric flow rate should meet the energetic 
optimum. Thus the energy system should be carefully sized to allow optimum operation conditions of the desalination 
unit. 
4.1. Tracking mode 
       One way to deal with seasonal variations of solar irradiation is to select the right tracking mode for the PTC 
system. The tracking mode refers to the way how a solar aperture is changing its orientation to follow the sun position 
in the sky for maximizing the energy harvested by the collector’s receiver.  In concentrating solar collectors tracking 
is a must, as the DNI is the only component of solar radiation which can be effectively harnessed. PTCs can be 
designed to track the sun around only one axis, which allows for two options; either  North-South tracking (NS) or 
Figure 2: Schematic layout of the recycled 
regenerators setup arrangement   
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East-West tracking (EW). The optimal 
tracking mode of the PTC in combination 
with the storage has been investigated by 
comparing the solar fraction of the NS 
tracking with that of EW tracking for a 
medium collector field size of 44 rows, 
which is the design point corresponding to 
the average yearly normal solar irradiation 
intensity at the selected site. Figure 3 
shows this comparison, where NS tracking 
is by far achieving better results than the 
EW tracking. Hence NS tracking has been 
chosen for further studies of the combined 
PTC and PCM thermal storage system. It is 
observed how 100% solar fraction can be 
achieved only at very large storage 
volumes. This perhaps could be due to 
acting as a seasonal storage at these large 
volumes, i.e. accumulating heat from sunny seasons to winter.  
 
4.2. Optimization of PTC field size and PCM storage volume 
In order to find an optimum 
combination of collector field 
size and storage volume, a 
solar fraction has been 
determined by varying both 
parameters. The results are 
displayed on figure 4. It can be 
seen that a solar fraction of 1, 
which is desired in this project 
is only achievable with both 
very large collector field sizes 
and large storage volumes. At 
small collector field sizes a 
total solar coverage of the 
energy demand is impossible. 
However, the results show that 
a high solar fraction can be 
achieved at moderate storage 
volumes and collector field 
sizes. From a technical point of view storage volumes around 2000 to 2500 m3 are reasonable, which 
would lead to a solar fraction between 0.83 and 0.98 depending on the size of the collector field. An 
optimized size of both components can only be determined when considering economic aspects, which 
will be discussed later. It can be also observed that increasing collector size has a better effect on the solar 
fraction value than increasing the storage tank size, since multiplying the storage tank size by a factor of 
15 leads to an increase of the solar fraction by 5% only, while doubling the number of collector rows 
Figure 4: Dependency of solar fraction on thermal storage 
capacity and PTC area 
Figure 3: Annual solar fraction for a medium collector field 
size of 44 rows for both north-south and east-west tracking 
 Abdel Hakim Hassabou et al. /  Energy Procedia  42 ( 2013 )  735 – 744 741
 
results in an increase of about 15%. However, it is worth mentioning that the effectiveness of a thermal 
energy storage, and so the optimum storage capacity, depend on both quality and quantity of the input 
thermal energy to the storage as well as the thermophysical properties of the storage medium. When the 
collector area is under-designed or when the solar intensity is low, the optimum storage size gets smaller 
as well. 
4.3. Once-through versus recycled regenerator  
Figure 5 depicts predicted values of solar fraction for both OT and RR setups, where it can be seen 
that the OT regenerator performs better. It exhibits smoother increase of solar fraction over the storage 
volume. In comparison with the RR setup, the difference in solar fraction values is quite big at small 
storage sizes, while the gab decreases by increasing the storage size. The reason for this difference in 
performance is that, in the OT regenerator the HTF has a lower temperature at the inlet of the PTC due to 
adoption of a “single-tank” concept in both cases. The single-tank concept refers to a thermal storage 
system where the heated HTF is circulated between a solar collector and a single tank. In the “two-tank” 
concept, the HTF heated in the solar collector is accumulated in one tank (called the hot tank), while the 
cooled HTF, i.e. after transferring its heat content through the HE at the interface of the thermal load is 
accumulated in a second tank (called the cold tank). The HTF in the cold tank is recirculated back to the 
solar collector, where the heat transfer rate in the collector is higher compared to a single-tank concept. 
Since the single tank concept is adopted in both the OT and RR arrangements considered in this study, the 
collector efficiency is better in OT arrangement, as more energy can be absorbed by the PTC than using 
the RR setup, where in the RR the HTF gets hotter at inlet of the PTC during the charging process over 
daylight hours. 
5. Lifetime cost analysis and potential reduction of CO2 emissions 
As mentioned earlier, an optimized size of both solar collector field and thermal energy storage 
components can only be determined when considering economic aspects.  A life time economical analysis 
has been performed for the OT and RR storage systems at different collector field sizes. Therefore, capital 
and operation costs of the solar collector, thermal energy storage and NG supplementary heater have been 
estimated. Different cost components including that of NG were derived from the actual world market 
prices in 2011. Electrical power to drive the system ancillaries is assumed to be supplied by the national 
electricity grid in Egypt. 
5.1. Cost analysis of MSF desalination technology 
 An optimum solar fraction can be found for 68 and 80 number collector rows and a storage tank 
size of 9600m3. In figure 6, it can be clearly seen that the storage tank size has a great influence of the 
specific power cost, while increasing number of collector rows has less influence. The life time cost 
analysis comparing between OT and RR is shown in figure 6. Increasing the storage size has a dominant 
influence on the cost, while the influence of increasing the collector area is much less expensive than an 
increase in storage volume as both the PCM and the storage tank are very expensive. However, 
differences in specific energy costs between OT and RR are rather small. However, figure 6 reveals that 
the cost of supplementary firing at current NG prices in Egypt are rather low and hence a hybrid solar-NG 
system is an attractive alternative instead of achieving a solar fraction of 100 % through a very large 
thermal storage and collector field area. According to 2011 natural gas prices in Egypt, the calculations 
resulted in a specific energy cost about 0.014 €/kWhth for the NG-fired thermal energy supplied to the 
desalination unit. 
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 If we assume that the energy cost 
represents 40% in average of the total 
specific water costs in desalination plants, 
the ideal combination of solar collector field 
and thermal storage would result in an 
average cost of 6.3 €/m3 at specific energy 
consumption of 80 kWhth and 4 KWh 
electrical energy per m3 for MSF 
technology. Although this figure is 
approximately three times that of the fossil 
fuel driven thermal desalination plants 
without the cost of CO2 capturing and 
storage, nonetheless it gives a useful ‘first 
cut’ view of comparative costs, which is 
maybe promising considering not only the 
negative environmental impacts and volatile 
prices of fossil fuels but also the 
sustainability of solar resources.  
Nevertheless, continuous technological advancement in production lines of solar systems, improvement 
of thermal performance of both solar and desalination technologies, instabilities in oil and natural gas 
prices and supply, will result in more cost competitiveness in the near future. 
 
 The last few years witnessed an accelerated 
development of solar thermal power based on CSP 
with an emerging commercial phase at the time 
being, which will drive the CSP cost down. 
Building domestic production capacities in MENA 
region for CSP and desalination can bring 
considerable cost savings in both solar power and 
water costs. Collocation of power and thermal 
desalination plants in cogeneration schemes, as 
widely applied in the Gulf region, would have a 
major impact on levelized energy and water costs 
produced by CSP. Further cost reductions can be 
achieved by using the Multi-Effect Distillation 
(MED) technology, which has gained a 
considerable attention in the last few years, due to 
its better thermal performance and lower energy 
consumption than MSF process.  
5.2. Cost analysis of Reverse Osmosis (RO) desalination technology 
 To generate one cubic meter of desalinated water using Reverse Osmosis (RO) membrane technology, 
5 kWh electrical energy in average is needed. Assuming a solar to electricity conversion efficiency of 
18% for the most mature commercial CSP technology, the equivalent prime thermal energy required for 
desalination of one cubic meter using RO would be approximately 28 kWhth, vice versa the equivalent 
electrical energy for the MSF would be 18.4 kWhe. This means that for the same solar collector field and 
land area, RO could produce at least 3.67 times the MSF technology, regardless of the additional cost that 
Figure 6: Specific thermal energy costs per 
[kWh] for OT and RR  
Figure 5: Comparison between OT and RR based on 
annual solar fraction 
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would be incurred for the thermal power plant to drive RO technology. For comparisons between 
desalinated water costs from RO driven by CSP with storage and/or supplementary firing and fossil-fired 
desalination plants, recent studies [9, 10, and 11] provide levelised costs of CSP generated electricity at 
15–22 € cents/kWh in 2010 monetary values, depending on technology, size and solar resource. At an 
average of 18.5 € cents/kWh, the specific water costs would be 2.31 €/m3 for RO, which is approximately 
the same as or slightly higher than the water produced from fossil-fired cogeneration power and thermal 
desalination plants in the Arabian Gulf region, but more than twice as much as the average costs 
worldwide. Despite the enormous environmental and economical benefits of using RO technology 
regardless of the energy source (discussed for instance in [12] for Qatar) in the Gulf region where 50% of 
worldwide desalination capacity is produced by thermal desalination dominated by MSF technology, 
there are many technical challenges limit the adoption of RO in this region; which are in favour of 
thermal technologies in this region. The reason is the well-known ‘four Hs’ of the Gulf water – high 
temperature, high salinity, high turbidity and high marine life. In addition, the presence of radioactive 
material because of warships and nuclear power plants, still needs to be addressed. The well-known "four 
Hs", i.e. high temperature, high salinity, high turbidity, and high marine life in the Gulf region. In 
addition, extreme phenomena such as "red tides", which results in a very poor feed seawater quality and 
can ultimately lead to shutting down RO plants, and high boron content as well as presence of radioactive 
materials due to nuclear power plants still needs to be addressed.   
 
 Hence RO driven by CSP could be more suitable for the North Africa region on the Mediterranean sea, 
while thermal desalination especially Multi-Effect Distillation (MED) driven by CSP could be more 
suitable for the Gulf Region. However, potential cost savings through R&D efforts required for 
adaptation of RO technology for the unique conditions in the Gulf Region could be realized more easier 
and faster than developing CSP technologies to reduce the costs of generated solar power, especially 
when considering limited land availability for installation of solar systems and its high costs on coastal 
regions on the Gulf.  
6. Conclusions 
 Numerical investigations into the transient analysis and techno economic assessment of a concentrated 
solar thermal (CST) power supply system to drive a Multi-Stage Flash (MSF) desalination plant with 
5000 m3/day capacity has been performed.  The dynamic performance of the CST system over a wide 
range of operation conditions has been simulated and evaluated under varying weather conditions over 
one year for Mersa Matruh City on the Mediterranean coast north of Egypt, as a case study for the MENA 
Region.  The results obtained from the techno economic analysis of the concentrated solar thermal power 
supply system showed that The cost of energy supply is highly dependent on the desired solar fraction, 
the location and the local energy prices, which is taken into account in the cost analysis. A high solar 
fraction of 96% can be reasonably achieved with average collector area and thermal storage size. 
Additionally, this setup would result in a surplus energy in summer, which could be used for other 
applications. The associated desalinated water cost for CSP-MSF is approximately 3 times more costly 
than conventional desalination systems powered by fossil fuels in the Arabian Gulf region. Although this 
figure doesn't include the cost of CO2 capturing and storage, nonetheless it gives a useful ‘first cut’ view 
of comparative costs, which is maybe promising considering not only the negative environmental impacts 
and volatile prices of fossil fuels but also the sustainability of solar resources. 
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